Abstract-For more than a century, pioneering researchers have been using novel experimental and computational approaches to probe the mysteries of blood flow. Thanks to their efforts, we know that blood cells generally prefer to migrate to the axis of flow, that red and white cells segregate in flow, and that cell deformability and their tendency to reversibly aggregate contribute to the non-Newtonian nature of this unique fluid. All of these properties have beneficial physiological consequences, allowing blood to perform a variety of critical functions. Our current understanding of these unusual flow properties of blood have been made possible by the ingenuity and diligence of a number of researchers, including Harry Goldsmith, who developed novel technologies to visualize and quantify the flow of blood at the level of individual cells. Here we summarize efforts in our lab to continue this tradition and to further our understanding of how blood cells interact with each other and with the blood vessel wall.
INTRODUCTION
A long history of intensive research has revealed many of the mechanisms underlying the unique fluid dynamics of blood. Pioneers in the early 20th century found that the particulate nature of blood results in non-uniform hematocrit and viscosity within the microvasculature. 13, 19, 20, 27, 48 Later, others showed that the deformability of individual RBCs and their propensity to reversibly aggregate result in a shear-and conduit-dependent viscosity that minimizes flow resistance in the vasculature. 2, [9] [10] [11] [12] 56, 64 Further careful studies have revealed the flow of individual cells in blood and their mechanical interactions with the fluid and other cells. 3, 25, 26, 28, 30, 33, 34, 41, 58, 59, 63 Still others have examined the interactions between immune cells and the vessel wall 5, 43, 46, 47, 51, 58, 63 or the dynamics of platelet aggregation. 15, 22, 36, 45 All of this work has made it clear that blood is a collection of cells-organized yet dynamic-interacting with each other and with their conduits to accomplish many diverse goals. Thus, blood is much like an organ in its own right, and must be approached as such. To understand the peculiarities of bulk blood flow, we need to consider how all the various components of this ''organ'' interact and cooperate, from the perspectives of cell biology, cell mechanics, ''tissue'' biophysics (i.e., how the cells synergize or cooperate with each other) and physiology (i.e., how the blood flow interacts with other organs (for example, through shear force exerted on the vessel wall or the oxygen and nutrients delivered to tissue).
Historically, advances in the field of blood flow dynamics have been driven by novel technologies. Among the most important have been intravital microscopy, 4, 20, 38 video cinematography, 23 and mathematical modeling. 1, 14, 36, 44, 51, 55, 60 While these approaches have elucidated the rheology of individual cells and the bulk flow properties of blood, there is still much to learn about blood at the mesoscale-i.e., how the cells interact with each other and with the blood vessels. Here, we describe how recent advances in microfluidics technology and computational approaches have enabled novel studies of mesoscale blood dynamics from the standpoints of leukocyte trafficking, flow-induced cell segregation and forces on the vasculature.
RBCS AFFECT THE MOTION OF WBCS
In order to initiate rolling, circulating leukocytes must marginate (migrate radially) to contact the vessel wall. Leukocyte margination has been attributed to the ability of RBC aggregates to exclude the WBCs from the bulk solution 34, 49, 53 and also to the interactions between individual white and red blood cells at bifurcations or postcapillary expansions. 59 Using a lattice-Boltzmann mathematical model of flow in a vessel expansion, we demonstrated that a coherent rouleau of RBCs is more effective at pushing a WBC to the vessel wall than a loosely-associated group of cells. In these simulations, each cell is explicitly accounted for, and the forces between cells can be calculated. 66 The results show that organized groups of RBCs induce radial motion of the leukocyte (Fig. 1) . The formation of these groups depends on the relative numbers of RBCs and WBCs in the blood, the fluid dynamics at the capillary inlet, and the propensity of the RBCs to aggregate. Interestingly, the shape of the RBCs affects their ability to stay in a stacked formation. We found that a rouleau of flat RBCs behaves quite differently from a train of ellipses of the same size (Fig. 1b) . Whereas flattened shapes can easily stack to form rouleau and therefore provide sufficient force to initiate WBC rolling, ellipsoidal RBCs tend to ''roll'' against one another, leading to disruption of the initial stacking arrangement, and therefore, less force on the marginating WBC.
In other studies, we demonstrated that the inclusion of reversible RBC-RBC adhesion in the rouleaux enhances the lateral force on the marginating leukocyte by maintaining the rouleau ''lever.'' 68 Furthermore, studies in expansions in microfluidic devices at the scale of actual microvessels show that the ability of the RBCs to rapidly reorganize and aggregate in response to the change in geometry (and shear rate) at expansions greatly contributes to WBC margination. 52 Thus, it is clear that the vessel geometry and shear-dependent flow anomalies of blood serve useful purposes, allowing, for example, the rolling and adhesion of WBCs in postcapillaries where adhesion molecule expression is regulated and the vessel wall is relatively thin, facilitating extravasation.
Once a WBC contacts and begins rolling on the endothelium, it is still subjected to normal and tangential forces imposed by passing blood cells. Using our modeling approach, we found that the transient forces on the rolling WBC are first positive and then negative in direction, indicating that the RBCs ''bounce'' the WBC against the endothelium (Fig. 2) . lighter shading of the WBC indicates that the cell is rolling on the wall. The initial stacked organization of the RBCs directly behind the WBC evolves naturally in the capillary (not shown). 66 As the stack of cells exit the capillary, the parabolic flow profile causes the RBC rouleau to act as a lever, pushing the slower WBC toward the wall. The critical parameters are the size of the rouleau, the width of the expansion, and the ability of the cells to stay stacked long enough to force the cell to the wall. Interestingly, the estimated magnitude of these forces were large enough for microvilli to penetrate the glycocalyx. 50, 73 Thus, once a WBC is rolling on the vessel wall, the unique environment of the plasma-rich zone should trap the WBC, push it along (via the enhanced tangential force), and encourage glycocalyx penetration via fluctuations in normal force. As opposed to the single RBC-WBC interaction in Fig. 2 , at high hematocrit this effect would be more dramatic, as many RBCs interact with the WBC. In a real vessel network, the WBC likely escapes from the plasma-rich zone when venules converge, and when exposed to large shear rate.
WBCS AFFECT THE MOTION OF RBCS
So far, we have summarized how RBCs can influence the flow behavior of WBCs, but the converse is also true. The presence of WBCs, which are larger than RBCs can greatly affect the flow resistance in the microvasculature, especially when they roll and adhere to the endothelium. 6, 35 To analyze this, we simulated blood flow through channels and measured the pressure field and flow velocities. 67 As summarized in Fig. 3 the flow resistance depends on hematocrit, conduit dimensions, and WBC adhesion. By explicitly accounting for the cells suspended in pressure-driven flow, our simulations reproduce the Fahraeus-Lindqvist effect, which predicts that the apparent viscosity of blood decreases with decreasing diameter. 27 Figure 5b
shows that the simulations without WBCs (square symbols) have the same tendency as the empirical relationship (solid lines) for the 20 lm tube (blue) and 40 lm tube (red): at equivalent hematocrits, the relative apparent viscosity is higher in larger conduits than in the small conduit, in accordance with FahraeusLindqvist effect. The presence of WBCs actually reverses this effect-the resistance becomes greater in the smaller tube because the large WBC occupies a larger fraction of the channel cross-section. This effect is especially important in short segments of the vasculature, 67 but is exaggerated somewhat in our 2D simulations. For example, a WBC with diameter 9 lm blocks nearly 50% of the cross-sectional area of a 20 lm channel in 2D, but only 25% in a threedimensional cylindrical tube.
BLOOD FLOW AFFECTS BLOOD VESSELS PHYSIOLOGY AND VICE VERSA
Blood cells interact with each other, but they also impose mechanical forces on the vascular endothelium, 7, 21 sending important signals that affect vessel development, remodeling, and flow regulation. To investigate the interactions between cells in the blood and the vessel wall, we first imaged and digitized a portion of the vasculature in the dorsal skin of a mouse. We then performed our lattice-Boltzmann simulations of flowing RBCs and WBCs, varying initial cell configuration and RBC aggregation. The simulations show that the cells increase-transiently and dramatically-the pressure and shear stress at the vessel wall as they pass (Fig. 4) . These fluctuations in force can affect vascular physiology, contributing to endothelial mitosis and angiogenesis and atherosclerosis, for example. We have also seen this effect in simulations of deformable cells at high hematocrit in three dimensions. As in all complex physiological systems, each element affects the others in some way. So just as the blood cell dynamics affect the blood vessel wall, the blood vessel wall can affect blood flow. Smooth muscle cell contraction and dilation is one obvious example. Another is the modulation of vascular permeability and plasma extravasation. For example, excessive vessel leakiness is a hallmark of both inflammation and cancer. In inflammation, plasma extravasation and leukocyte adhesion occur in a coordinated manner to enable the immune response, but also to maintain tissue perfusion. In tumors, similar mechanisms operate, but they are not well-regulated. 37 To assess how plasma leakage, blood viscosity, and vessel geometry are inter-related, we further developed our simulations to include plasma leakage from the blood vessel. As shown in Fig. 5 , plasma leakage can lead to local hemoconcentration, increasing the flow resistance specifically in the leaky segments, and diverting flow to other branches. 65 Indeed, our preclinical and clinical studies have shown that drugs that decrease vascular permeability may help restore uniform perfusion of tumor vasculature by providing more efficient delivery of concurrent chemotherapeutics. 70 scale of actual blood vessels, we now have an additional tool to study and exploit the unusual segregation properties of blood. 62 Because leukocytes comprise less than 1% of all blood cells it is necessary to concentrate or separate them as the initial step in many clinical and basic research assays. Taking advantage of the tendency for leukocytes to marginate in long channels, it is possible to design a tool for separating leukocytes directly from whole blood. The device consists of a simple network of microchannels arranged to encourage lateral migration of leukocytes and then extract them from the erythrocyte-depleted region near the sidewalls 62 (Fig. 6) . Providing a 34-fold enrichment of the leukocytes in a single pass, it operates on microliter samples of whole blood, provides positive, continuous flow selection of leukocytes and requires neither preliminary labeling of cells nor input of energy (except for a small pressure gradient to drive flow). This kind of separation will be the requisite initial stage in many lab-on-a-chip assays that require pure leukocytes as a starting sample.
TOWARDS MORE SOPHISTICATED SEPARATIONS-3D, DEFORMABLE CELLS AT PHYSIOLOGICAL HEMATOCRIT
As suggested by experiments, 31, 72 and by the simulations in Fig. 1 , blood fluid dynamics are sensitive to cell shape. We also know that deformability of blood cells is a critical determinant of bulk blood rheology. 8, 16, 57 For these reasons, we recently reformulated our mathematical model to include deformable, three-dimensional blood cells with realistic rest shapes. 17 Our approach is to use a relatively coarse mesh for the RBCs so that the simulations (still using the lattice-Boltzmann approach) are very efficient, and finish in a reasonable time. This new model allows the investigation of more sophisticated fluid dynamics such as inertial migration of particles in pressure-driven flow.
Lateral Migration of Deformable Particles in Flow
Inertial lateral migration was first reported by Segreá nd Silberger (SS), 61 and the effect now bears their names. Careful experimentation on the flow of particles of various shapes and deformabilities has revealed its widespread importance in dilute suspension flow. [29] [30] [31] [32] 40 Goldsmith and co-workers found that (i) for dilute suspensions, stiff particles settle mid-way between the channel center-plane and the nearest wall, whereas deformable particles settle at the centerplane, at Re > 1 24, 61 and (ii) at lower Re (i.e., Re < 1), the particles migrate to the center of the channel, especially for deformable particles such as RBCs. 32, 42 Our simulations reproduce these results and are able to identify corresponding equilibrium positions in other geometries 18 ( Fig. 7) .
Lateral Migration in Mixed Suspensions
In more concentrated suspensions, the Segre´and Silberger effect is likely not strictly followed due to FIGURE 7 . Equilibrium positions of spherical particles in flow depend on Reynolds number, particle stiffness, and conduit geometry. We adopt the following color convention in this paper: orange for deformable particles, red for stiff particles. At high Re (left hand side of the figure), stiff particles migrate away from the wall and away from the centerline, to a position approximately 40% away from the wall towards the center. The higher the Re, the closer to the wall is the equilibrium location. Round channels exhibit a ring of stiff particles at equidistance from the center, and rectangular geometries exhibit four distinct equilibrium positions in which stiff particles form trains. 18, 39 Deformable particles on the other hand, migrate towards the center. At low Re (right hand side of the figure), both stiff and deformable particles migrate towards the center of the channel.
cell-cell interactions and crowding. To investigate how various particle types segregate in dense suspensions, we randomly placed a mixture of stiff (red) and deformable (orange) particles in a square micro-channel and simulated flow at high and low Re (Fig. 8) . As predicted by Fig. 7 , the results show that at high Re (Re = 60), (i) the stiff particles migrate toward the nearest corner equilibrium point (at normalized height and width of approximately 0.4) and (ii) the deformable particles migrate toward the channel axis (Fig. 8) .
The results at high Re were not surprising, but the simulations get interesting when multiple particles with different rigidity try to assume the same equilibrium position. For example, at low Re (Re = 0.2), both stiff and deformable particles initially migrate towards the center (from t = 0 to point a in Fig. 8f) , as predicted by Fig. 7 . However, as the concentration increases in the growing central core (point a of Fig. 8f ), the stiff particles, which were purposely initialized closer to the axis, are gradually displaced by the deformable particles (from point a to point c in Fig. 8f ), and at steady state, the stiff particles all flow at the periphery, surrounding the core of deformable particles (point d in Fig. 8f ). They remain in contact with the core but never invade it. The blue line of Fig. 8f shows that this process is a reorganization, rather than further migration, since the decrease in mean distance between particles, d, for the deformable particles is countered by an equivalent increase in d for the stiff particles; i.e., the blue line in Fig. 8f levels off after point b. This occurs because the magnitude of the lateral migration force for stiff particles is weaker than that for deformable particles, even though both species have the same equilibrium position. 18 
CONCLUSIONS
Blood cells work together to deliver oxygen, nutrients, and immune cells to tissues where they are needed. They do this by intrinsic fluid dynamics conferred by the particulate nature of blood, enhanced by cellcell and cell-vessel interactions. Adding to the complexity and sophistication of the system, blood vessels themselves can adapt to help blood accomplish it diverse goals by dilating, constricting, sprouting or changing permeability. In order to fully understand these processes, we have to explicitly resolve the cells in flowing blood and characterize their interactions with each other and with the vessel wall. Computer simulations and microfluidic analyses are two strategies that can be used for this purpose. In the future, similar approaches could be used to understand how platelets aggregate during thrombosis and how cells interact with vessels to facilitate atherosclerosis.
